The application of the Flow cytometry (FCM) technique for rapid determination of cell number of viable bacteria suspended in seawateris described. A fluorescein diacetate was used to distinguish be tween viable cells and dead cells for various bacteria. The FCM technique was also used to discriminate betweenGram-positive and Gram-negative bacteriausing the LIVE BacLightTM Bacterial gram stain kit. A difference in the fluorescence scattergram between the two bacterial groups was observed. The FCM method provided rapid determination of cell number of viable bacteria in seawater. A good corre lationwas observed between the values determined by the FCM method and the colony counting method in the range of 105-109 cells/ml. One FCM assay could be completed within 60 s and the total assay time including the preparation of bacteria was within 35 min.
The application of the Flow cytometry (FCM) technique for rapid determination of cell number of viable bacteria suspended in seawateris described. A fluorescein diacetate was used to distinguish be tween viable cells and dead cells for various bacteria. The FCM technique was also used to discriminate betweenGram-positive and Gram-negative bacteriausing the LIVE BacLightTM Bacterial gram stain kit. A difference in the fluorescence scattergram between the two bacterial groups was observed. The FCM method provided rapid determination of cell number of viable bacteria in seawater. A good corre lationwas observed between the values determined by the FCM method and the colony counting method in the range of 105-109 cells/ml. One FCM assay could be completed within 60 s and the total assay time including the preparation of bacteria was within 35 min. Attempts have been made to circumvent this problem and several new methods have been introduced, such as electrochemical,2,3) ultrasonic,4,5) and biosensor6) methods. Electrochemical and biosensor methods enable the num ber of viable cells to be determined in less than 10 min.3,6) The ultrasonic method can be applied to on-line monitor ing of cell concentration. 5) However, in most cases, these methods cannot be applied to bacterial concentrations of less than 107 cells/ml.
In recent years, the technique of flow cytometry (FCM) has made a very significant contribution to the study in several areas of biology including medicine, cytology, im munology and biotechnology. FCM combines the advan tages of microscopy with biochemical analysis for the measurement of physical and biochemical characteristics of individual cells. In this method, cell particles in suspen sion flow in single file at a uniform speed through a laser light beam with which they interact individually. This yields, for each cell, a light scattering pattern which pro vides information about cell size, shape, density, and sur face morphology. Furthermore, fluorophore labeling of cells can give quantitative data on specific target molecules or subcellular constituents and their distribution in the population.7) Although FCM has been used primarily for studying eukaryotic cells, it was recently applied to bacteri- 
FCM Measurement
Flow cytometry was performed using EPICS XL (Coulter Co., Florida, USA) equipped with an argon laser. The power output was 15 mW and the488 nm wavelength was used to excite the fluorescent probes. Light scattered in the forward light scatter was filtered by a 488 nm nar row band-pass filter and collected by a photomultiplier. Fluorescent light was collected in the orthogonal direction and detected using four kinds of photomultipliers: FLI (505-545 nm); FL2 (560-590 nm); FL3 (605-635 nm); and FL4 (660-700 nm).
After being excited at 488 run, FDA and SYTO 9 were detected at 505-545 nm with the FLl photomultiplier.
Hexidium iodide was excited at the same excitationwavelength and its emission was detected at 605-635 nm with the FL3 photomultiplier. To establish an optimum condition for cell counting, a value of a discriminator was changed from 0 to 100. The stop time for the passage of the sample was setat 60 s, and an event number (number of particles pass ing through the laser beam) was measured as the number of bacterial cells. 
Results and Discussion
Effect of the Value of the Discriminator on theEvent Num ber In this study, the number of bacterial cells was meas ured by counting an event number of FCM. However, the value of the event number wasreadily influenced by the debris in the sample and by light scattering. For this rea son, it was necessary to establish favorableassay condi tions by varying the discriminator. A discriminator is a channel setting for a parameter allowing events below the setting to be ignored and it can eliminate signals caused by debris. Figure 1 shows a correlation between the event number (cells/60s) and cell concentration of E. coli for various values of the discriminator. The cells were not stained with FDA. As shown in this figure, the event num ber increased according todecreasing the value of the dis criminator on the low concentration of the cells. When the value of the discriminator was set at 0, the event number did not change with the cell concentration and was represented by a straightline. This phenomenon may have been caused by the effects of the cell debris or thelight scat ter. On the other hand, when the value of the discrimina tor was set above 20, the event value increased with the cell concentration. A good correlation was observed between both parameters at a discriminator value of 60. This result shows the rapid determination of the number of bacteria by FCM since a linear relationship was observed between the event number and the cell concentration. The subse quent experiments were performed at the discriminator value of 60. 2) FDA staining for the various species of bacteria Figure 3 shows the fluorescence scattergrams (Fig. 3.1a  to 3.1c) and histograms (Fig. 3.2a to 3.2c) In Fig. 3 .1a to 3.1 c, the horizontal axis represents FDA fluorescence intensity and the vertical axis the forward scat ter intensity. Increasing fluorescence intensity is represent ed by increasing channel number on thehorizontal axis. The viable cells of E. coliwere stained by FDA and meas ured by the FCM (Fig. 3.1a) . Most of the cells were stained by FDA. Figure 3 .1b shows the scattergram for the dead cells of E. coli. The stained cells were rather lower in num ber than viable cells. As a control, sterilized seawater was also stained by FDA, and FCM measurement was carrie out (Fig. 3.1c) . Very few particle in the seawater were stained with FDA. From these results, it was assumed that FDA passed into the viable cell through the cell membrane and was retained inside cells with an intact membrane. It is hydrolyzed by the cytoplasmic esterases of living cells and the resultant compound fluoresces green. In the case of dead cells, FDA leaked out of the cell which consequently did not fluoresce. As shown in Fig. 3 .1c, the fluorescence intensity of the microscopic particles was very low because theydid not possess cytoplasmic esterases. Figure 3 .2a to 3.2c shows the fluorescence histograms for the same samples described above. The horizontal axis represents FDA fluorescence intensity and the vertical axis the relative cell number. In Fig. 3 .2c, the maximum value of the number of particles was observed at a low level of fluorescence intensity. A linear region (A) was drawn in thehistogram and was adjusted to distinguish between the viable cells and non-viable particles, that is, the particles within region(A) were regarded as the viable cells, and out side of (A) as the dead cells. When the viable cells of E. coli were measured by the FCM, the ratio of viable cells in the region (A) was 86% (Fig. 3.2a) . In the case of dead cells, only 2% of cells was contained in region(A). Thus it is possible to discriminate between the viable and the dead E. coli using FDA staining.
Vibrio sp., S. aureus, P. fluorescens, S. putrefaciens, and E. seriolicida were also stained with FDA, and the dis crimination between the viable and the dead cells was car ried out by FCM (Fig. 4.1a to 4.5b) . As shown in these figures, the difference in scattergram between viable and dead cells was observed for every sample of bacteria. Therefore, the proposed method could be appliedto dis criminate between the viable and the dead cells for several species of bacteria in sea water. The discrimination between Gram-positive and Gram negative bacteria was carried out by FCM. The LIVE BacLightTM Bacterial gram stain kit was used for this pur pose. Although this kit isoften used for fluorescence microscopy, therehave been few reports on its use for FCM. The kit contains a mixture of green fluorescent SYTO 9 and red fluorescent hexidium iodide. The SYTO 9 stain labels both Gram-positive and Gram-negative bacter ia, whereas hexidum iodide preferentially labels Gram positive bacteria. In Gram-positive bacteria that are ex posed to both dyes, the hexidium iodide stain effectively displaces theSYTO 9 stain. Thus, when a mixed popula tion of Gram-negative and Gram-positive bacteria is stained with this mixture of dyes, the Gram-negative bac- . The SYTO 9 was detected using an emission wavelength at 505-545 nm with FU photomultiplier (Fig.  5.1 ) and hexidium iodide was detected using an emission at 605-635 nm with FL3 photomultiplier (Fig.  5.2 ). As shown in Fig. 5.1 , Vibrio sp. fluoresced green but S. aureus did not fluoresce. On the other hand, when the FL3 photomultiplier was used, S. aureus had redfluorescence but Vibrio sp. did not fluoresce (Fig. 5.2) . Therefore, it Respective cell concentration was 107 cells/ml. • Determination of the Number of Viable Bacteria by FCM 1) Calibration curves for several strains of bacteria Figure 6 shows the relationship between the cell number of tested strains and the event number of FCM. Each bac terial strain was stained by FDA. The calibration curves seriolicida.
FDA concentration was l ƒÊg/ml.
were linear in the range of 104-107 cells/ml for Vibrio sp., E. seriolicida, and S. aureus, and in the range of 105-108 cells/ml for E. coli, P. fluorescens, and S. putrefaciens. Slightly different linearity was observed for each strain of bacteria. This phenomenon may have been caused by the effects of the cell properties such as size or form. For the determination of bacterial number in the cell suspension containing several strains of bacteria, the optimum value of the discriminator should be established using the bacterial mixture sample.
2) Correlation between results of FCM and CFU Assay FCM was applied for the determination of cell number for several strains of bacteria in seawater. The correlation between the proposed FCM method and the colony count ing method was investigated using bacterial samplessus pended in seawater. The cell number was calculated from the calibration curves shown in Fig. 6 . A good correlation was observed between the values determined by FCM and conventional colony counts as shown in Fig.7 . Linear relationships were observed in the range of 105-108 cells/ ml for each bacteria. One FCM assay could be completed within 60 s and the total assay time including the prepara tion of microorganisms was within 3 min.
In conclusion, our proposed method using FCM re quired significantly less time than the colony counting method and it could be used forthe rapid determination of viable bacterial number. At present, this method does not distinguish between different species of bacteria but only discriminates between Gram-positive and Gram-negative bacteria. However, this method may enable the rough esti mation of total viable bacteria in seawater. Further studies are in progress in our laboratory to find a solution to the above problem using an immuno-reaction.
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